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PERFORMANCEH3SSIBILITIESOF THE TtJRBOJElSYEWEM

AS A POWERPLANTFOR SUPERSONIC!QRPMNES

. By GeorgeP. Wood -
..’ .“’.,

EiuMM&Y ‘

The pertoz%mce of hypotheticalturbojetsya%ems~without“&rust
augmentation,as powerplants“forsupersonicairplaneshas been
.‘calculated.’The tJmus~,t@uet “power,”air-fuelratio,specific“fuel
consumption,-cross-sectionalafiea,and thrustcoefficientare shown

. for free-streamMach numbers”from 1.’2to 3. l’or comparison, the
performanceof ramjet system&over the sameMach numberrangehas
alko”been calculated.. . ,.

*
For Mach nuqbersbetween“1.2and 2 the calculatedthrust

coefficientof the turboJetsystemwas found”’tobe largerthan the
est~ted drag ~oefficknt,and.the specific.fuelconsumption.was
calculatedto be considerablyless than the specificfuel consumption
of the rsm+et system..The turboJetsysteiuthereforeappearsto
nerlt considerationas a propulsionmethodfor free-streamMach
numbersbetweenapproxlumtely1.2 and”2.

., ,,

INTRODUCTION
,.

,)
‘ The IVationaiAdvl.qoryCommitteefor Aeronauticshas tssued

severalpapersthat presentanalysesof the perfmmance possibilities
of’jet engines. In rti.ferences1 and 2, for example,calculationsof
the performanceof compressor-turbinejet-propulsion,or turbojet,
;systemsoperatingat ~ubsonicairplanespeedsare given. In
reference3 resultsof,an investigation.ofthe performanceof
continuous-flowram-c~presston,.jei-propulsion,.orram+et, systems
propellingaircraftat supersonicspeedsare presetitkd.:The question
naturallyarisesas to the potentialitiesand the limitationsof the
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turbojetsystemas a powerplantfor,aj~>a$tiaat su~~rsonicspeeds.
The resultsobtainedfromanalysesof”t’’%urbojetsy~temoperating
at subsonicspeeds,however,cannotbe expedtedto give quantitative
informationaboutthe performanceof the turboj~k-systemoperatingat
supersonic6peeds. Becauseof the differencein the compression,
availablefrom the forwardspeed,the optimumblowercompression
zmtiofor operationat supersonic~Yeeds,for example,may be quite
differentfrom the ratiofor operationat subsonfospeeds.

*

.-

The purposeof tho presentpaperis to reportan awlytical
investigationof the turbo~etsystemas a mums of propelling
airplanesand missilesatsupersonicspeeds.

A comparisonof the performmcesof the turbojetand the ram-$et
systemsat supersonicfree-streamspeeds~s..,alsogtvenherein- These
two systemsdifferin threeinherentcharacteristicsthat-affect ‘(,’::

—

theirperformance.aspowerplants,namely,maximumfluid)tempe&atu~e;
maximumfluldyressure,and maximumcr’oss.sectionalarea. The 1,
maximumfluidtemperaturethat canbe used in the turbojetsystem$s.,, ;. .-
limitedby the mechanicalpropertiesof.tho.turbinoblades$ The . ~,‘...__
ram-$etsystem,however,has no turbine,and highermaximu?q”fluid
temperaturescan therefcrebe used. The maxhnuiafluidpressureifi ‘ ‘2-
the ram-Jetsystemis limitedto,thep?mssureobtainaplofrom ~,
The turbojetsystem,however,ha~ awchani.calcompressor,and higher :
maxim+mfluidpreasuroscan thereforebe us~d. The c“ross-sectional,
area of the combl@iozi“chaaiberin the ram-jetsystemis greaterthan ,1,,;
in the turbojetsystembecauseof the smallerdcmsityresultingfrom
less compression+The turbojotsystem,howovw?,has a ,comprossorard ‘.,.
a turbine,the cross-sectionalareasof whichmay exceedthe cross- :,
secticmal.area of the combustionchamber. In the presentpaperthe
effectson performanceof the differencesin maximumtemperature,
maximumyressure,and maximur.cross-seot~onalarea are shown.

The scopeand the Hmltations of the presentpaper shouldbe
understood.Answersare givento,thequestionsaa to whetherthe
turbojetsystemhas a high enou@ thrustcoefficient’anda low enou$l ‘“
specific-fuelconsumptiont’o”merit* considerationas a meank3of J “ ,
supersonic-aliqjlimepropulsion.The effe,ct%of augment~tionof the .:.
thrustof the turbo$etsystemby meansof i.njectironof @ditional .... .

fuelbehindthe tprbine,whichis sometimescalleaafterbuming,~re ‘,‘r‘., _
not considered, Thrust au@mntatitinmi”@tbe used for flight
co’tiitions.inwhichadditionaltkrustiis nee”ddl.$~ut”&n”ti~tical.” :‘

.

study of thruptau~nta.tionis t~o extensivefor inclusionherein. .,.:: *–
. . . .. ,--- —

.“

The presentpayer,furthermore,considersonlythe performance
of powerplantsand does’notconsiderthe performanceof complete *

airplanesthataro to be propelledby thesepowerplants. As far as
..
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the yroblem of choosing: ~betw&n the‘turbojet. “qnd.the .-jet, methods
of ~ropul.sion is concerned, the preeqnt paper therefore “.&%eH.only Q
part of the information that is required for tiking a choice?
Additlofilinfo~tion of a characterdifferentfrom that givenherein
Is neededfor makinga choiceof powerplsntfor anairplane that
wouldmeet a gfvenset of specificationsas to speed,ran&e,ad
cargocapacity. This informationshouldincludethe.,rateof air
induction(sob of the resultsyresentedhereinare gi~enin termsOf
rate of flow of inductedair),the altitude9f levelflight,the
estimatedweights-ofthe.turbojetmd the ram-j~tflyste.zm,*d.
whetherthe airp~anemust landat the end of the flightor is to be. .
used as a flyingbomb. . ..,.

The symbolsused hereinsre definedln appendixA and the I
analysisand methodof cd.culationaregiveninappendixB. ,.”

. ...
,..” 0,

-,..,

,,

llESCRIFTIONOFPROPUISIONSYSTEMSAND.,
.,,.

ASSUMPTIONSOF”COMPOIQNT”&RFOPJUN(X
,,,.

The turbo~etsystemoonsfderedhereinis representedin.1
flgum l(a). Air enter~the diffuserat supersonicspeed~d is
deliverbdto the mechanicalcompressorat subsonicspeed. After the.
air l~7es.the compressor,the air and fuelburn in the colibustiofi.
cham’’or.The combustionproductsdrivethe turbineand thenare .
ejectedthroughthe efiust nozzle.

fi the presentpayeronlyhyyothetlcal..components& the syste~
as distinguishedfromproductionunits,were considered.Ce@ain
assumptionswere made as to the performanceof each componentsTwo
t~es of supersonicdiffuserwere assumed. One of theset,meswas
the fixed-geometrydiffuser,whichwas termedlJDiffusorA.” The
performuicoof the fixed-geometrydiffuserthatwas used.inthe
presentpaper is shownby the dashedcurveof’figure,2. The ratio
of totalpressuresacrossthe diffiseris 0.9 Sor”free-strmmMach
numlersfrom 1.2 tol,6 and decreasegratherrapidly,asMach number
is increased,toa valueof 0.33 at a Mach number of 3. The.part of
the curve betweenllachnumbersof 1.6 and 3 is the theor&ticalratio
of totalpressuresacrossa normalshockthat occurEIat free-stree.zh
Mach number. This diffuserperformanceIs essentiallythat o~taix

. In the e~erimentalinvestigationof fixed-geometrydiffusers .’ .
reportedin referenhe!4.e ..

. The othertype.ofldiffuser,whichwag termed
assumedto givethe total-pressureratioshownby

~.

“DiffuserBjnwas
the-solidcurveof
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f~gure2. tie total-pressure‘“’~io’ofthisdiffuser%s assumedto. t o
T

*

be also 0.9 for free-strwmMac numbers’between1.2 and l:6and to “
decreaselinearlyto.-avaluebf 0.75 at alfachnumberof 30 me
performanceshpwn%y the so%idcurvecahyqrhaysbe obtainedby” , “
variable-gegnet=diffusersor by diffueersof the typedescribed
in references5 and6.

The compressorin the turbo~etsystemwas assumedto havean
efficiencyof 85 percent. Variouscompressionratioswere assigned
to the conyressorcThe cross-sectionalarea of the compressorwas
obtainsdby assigdng a valueof 0.4 to theMach numberat the
entranceto the canprcmor and a valueof 0.6 to the hub-,tip diameter
ratio of the oompmssor, “Burningin the uom~u~tionchamberwaa
assumcxito be 100 porcontcompleteand .tooccur.ina frictionl.ess
ohannelof oonstantcross-sectionalarea. The initialair velocity
in the combustionchamberwaa sot at 250 fevtpar second. LossosOf
totalpressurein the combustionchamlmrduoto tho additionof heat
to a compressiblefluidware &ken intoaocount. — x–

The total,or.ata~tion, tenqymitureat tho entranceto !cho ‘
turbinewas sot,at1500°F for most of tho calculations.The oT@r_~l
efficiencyof the turbke was assumedto be .!35wrcento The,cros8- .

sectionalarea of the turbinewas obtairkd’w!ththo assumptionsthat “
the tur%lnewas of the single-stage,axial,“impulsotme tith ftil
admission,that the flow throughthe blades.wasfrictiofiess,ttit fio
absoluteexitvelocityfrom the bladeswau in the axialdirection,
thatthe nozzleswere at an angleof 150 to..theplaneof the wheel,
that the turbinedeveloped.jua$the amountof poworti@uiredto
oberatethe,commessorat any atiencompressionratioand free-streem
I&ch numbey,an~ that the hu~-~ip di@me& z&tf.oT&s 0.7. Thmx?
asmmpti.ons gave pe~ipheral speoti that exoeeded 1350 feet ~er
second.in onlya few cases.

.-.-
.

The-deficiency.oftho exhaust’nozzlewas amnm+ to be
100 percontm Thrustwau calculatedwith thd ~smmption-that tho
nozzlewas so designedthatthe’dmust fluidexpanded.to freo-
stresmstaticprasswe at the nozzleexft. 1.

.—

.

...
—

The Yam-Jotsystemconsideredhereinis representedin
fi&m l(b). Air enters the diffuser at supersonic speed, is
aeliveredto’thocombustia chamhr at suljsonicspeed,is hirned
with fuel in the combustionchahb&,”andthen is ejecteilthroughthe’
exhaue*nozzle. 0

The two d~ffuserperfomanc~curves(f$g,2) thatwere used in
tho calculationsfor the turbojetsystemwere alsous;d in the

x —
calculationsfor tho ram-jetsystem. ThoMach number at the entrance

_)
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to the combustion.chamberwas variedupwardfrom Oc2. Burning.in
the combustionchamberwas assumedto be 100 percentcompkte and
to occurin a frictionlesschannelof constantcross-sectional
area● Lossesof totalpressurein the comlmsti.onchamberdue to the
additionof heat to a compressiblefluidwere takenintoaccount.
The efficiencyof the exhaustnozzlewas assumed.to be 100 percent.
Thrwt was calculatedwith”the.assumptionthat the exhaust:fluid
expandedto’free-streamstaticpressureat the.:o,gzls exit.

..
.“.

,::- mmst%Lam&cussIon-.,.7,,., . .
.

.
.

All the resultepreeentedare for operationin the stratosphere,
that is, in the isothermalragionthatbeginsat an altitu~e .
of 35,332feet. The restitsfor the tur~ojetsystemthat are
discussed.in detailare allfor a tot~ tom?eratureat the’turbine
entzzmc6of 1500°1?. A-fetici.irtiesfor temperaturesof 1200°(and
1800Qatiealso”included. ,,”

Thrustand Air-Wel Ratio

.,

T,hothrua,tdeveloped.by the turbojetsystemper pound of air
per secondis shown~fi@re 3(a).as a functionof’.thefree-stream
Mach nwaber. Curv&Gare givenfor compressionratiosof2, k, 6, 8;
and 10. The curvesshowthat,,for compresslonz%tiosof k and
higher,’the thrustdpdroasesrapidlyas Mach.numberis increased
above1,2; I?ora compressionratioof k the thrustbecomopzeroat
a Mach nuniberof approximately3, As the compressionratio is
increased’a.hovek, the Mach numberat”whichthe thrustvanishes
decreases. For a compression,ratioof 10’thethrust.iszeroat a “
Mach numiberof about2.4, At Mach numbersbetween1.2 and 1.,6,a ‘
compressionratioof 2 producesessentiallythe sanmthrust as
thatproducedby high?rcompress$onrstios.At Mqch numbersgreater
than 1,6 a compres~ionratioof 2 pro~ucesmore thrustthan that ~
producedby higherco~ression ratios.

,,

The foregoingre&.ts are’dueyrincipaKl~t; the fact thata“ ~-.
limithas been placedon the mhximqmtemperattiethat the fluidcan ‘
have in the turbojetsystemaridto the value set for that limit. At
the s~ller Mach nuntkratihownin figure3(a)the $emperqturerise
due to ram.andto mec?ie,n.icalcompressionis smallenoughto allowa ~ .
largeamountof fuelto be b~odper pound of air beforethe ,..

limitingtemperatureof 1500°F is reached, At the largerl@ch c ,‘ “
numbersBhownin figure3(a),however,the tagperaturerise duo to
mechanicalcompressionin combinationwith the temperature’riso due “

. . ,,
,. -,,-.

. . .
:..

-. —
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to ram bringsthe air temperatureso closeto the limitthat
relativelylittlefuel can be burned. Air-fuelratiosfor the ,,,
variouecompre~eion~tios are Mdwn in.fl@ie 4. At a Mach number
of 1.2 the air-f’@ ‘iw.’tio,is 56 for a compressionratioof”20
Increasing’thecompressionratioto ~ increwes the aimfuel ~tio .
OdY to 63. At a Mach”numberof 3, for R compressionratiodf 2 the
air-fuelratiois 126,but for a compr~ssionratioof 4 the.ai”r-fuel
ratiois 280. At the higherlfaclanumbers,therefore,‘li*t16Or no
thrust3s develop?dby the turbojetsystem, The thrustproduced BY
a yropulsivo:syst.@nis deriv~dfrom the hr@n~ of fuel. If little
fuel canl)eburnedper poundof air, then littleor no thrustcanbe
developed.

,,

The thrustof the ram-jetsyetemis shownin figure3(b)for
air-fuelratiosof ~0, @, and.60,theseair-fuelratiosremaining
constantwithMaoh number. It shouldbe re~emberedthat sincethere
is no turbinethereis.nd Ilmitin#umxim~’$mperature.At a Mach
numberof 1.2 the air-fuelratioof the turbojetsystemwith a
compressionratioof 2 i~ ve~ closeto 60, and the thrustdeveloped
by the twosystems,can,therefbre be conlpbred”atthe air-fuelratio
of’60 at a Mach ntiberof 1.2. The thrvstof the turbojet system js
42 poundsper poundof air per secondand of the ram-jetsystem
is 25 poundsper poundof air per second. AS t.he”free-stroamMach
numberis increased,the thrustof tho rem-Jetsystemdoesnot
decreaserapidly,as does the thrustof tho turbojetsystem,but,,
with diffuserB, increases,at leastup to a..Jchnumberof 3.

Throughoutthe pres&t paper it has been assqned$hat.theocm-
bustionchambersare o.fconstantoross-seotionalarea. The cross-
seotionalarea of the combustionohamberin the ram-jetsystemis a,
ratherimportant.”qyantity,“,Inthe firstpl.aoe,the thrustooeffi- ‘
oientof the r-jet systemis baaed in the presentpaperon the
combustion-chamberareat IrLthe secondplace,a loss of totalpres-’
sure ooourswhen heat is addedto a ocnhpresaiblefluidin a oonstant-
area acanbustionchsmber.The loss of pressureis - otherfactors
beingconstant-a functionof the Mach numberof the fluidat the
entrsmceto the combustionohsmber,which in”turriis a functionof
the combustion-chamber=&a. 3% the thirdplace,the&h number
at the combustio~~ber entrancemust be belowa certainmaximum
value if ohoking in the combustionuhamberis to be avoided. ~uS, .
the curvefor an ai~fuel ratioof.30in figure3(b)doesnot exten’d
down to a Mach number of ’1.2butetieat a Mach numberof 1.4 beoause
of chokingIn,thecombustionohsmber. As is”wellknuwn,when heat “
is addedto a cappressibleflqid’.i.na ~ons@rl+areapassage,the ,,
fluidacceleratesand the localMach numberinoreasesalongthe’ >
passage. The increasein Mach numberdependsupon the..initial”
enthalpy,the initial&ch number,and the emou.iutof’heat added
(or
iOw

;
t.. .
. ,“

I ,..
:.

. . .

..

fuel-burned)per poundof air; If the initialenthalpy.is
.

enough,or the ititial,Ma.ch@er is high enough,or enough

.

&

.

.

—

“

*—
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Wel is burned; a finkl Mach number’ of &ty is reached at the exit
end of the combustion chamber and choking occurs.. FiWe 3(b) iS
based on combustion cheinbers of suchoross-eectionalareasthat the
Mach numberof the air as it entersthe combustionchamberis 0.20~
ThisMach numberis low enoughto avoidchokingfor aiz=fuelratios
of 40 md 60 but chokingdoes occurfor an ai~fuel,ratio of 30 at
a f,ree+streuMach nqmberof 1.4, ,,... ...,

Curvesfor combustion-chauiberentranceMach numbersof 0.25
and 0:30are shownin figure3(c). The fact that some of these .
curvesalso end at fre,e-strmmMachnunibers greaterthan 1.2 “
indicateschokingin the combustionchamber. Comparisonof
figures s(b) and 3(c) shows. that, if choking does not occur, the
combustion-chamber entrtice Mach number has very little effect on the
thrust developed by the rem-jet system.

,.
Thrust Power ,
.- .

,.
T@ thrustpowerdevelopedbya ~et-pro’pul.sionsystemis, at a

@.venMach number,yropotiional.totho thrustfarcedevelopedby
that sys,tem.The ’samesigidficantresultsthereforecanbe obtained
froma plot of fhruet.powerthat can be obtainedfroma plot of
thrust. Nevertheless,as a matterofinformation,the thrustyower
developedby the systemsunder considetitionhas been plottod. The,
variationwith free.streamMach numberof the thrustyowerper pound
of air per second”ofthe turbojetsystemis shownin figqre~(a).
For a constantvalueof compressionratfo,as Mach fiumberis increased
above 1.2, the thrust”powerrisesto a maximm valueand then
decreases. The existenceof a maximumis duo to th~ fact that thru~
power is proportionalto the,productof two quantities,of whichone,,
thrust,decreasesas I@ch nunheris increased,and the other,
free-stream8peed,increase6as Mach numberis increased; .’

The variationwith free-streamMaoh ntiberof $he thrustpower
per poundof ai~per secondof the ram-$etsy~temis shownin
figure5(b). ..

SpecificFuel Consumption .,”
.“

Specificfuel consumptioncomputedas poundsof fuelper.hour
per pound of thmst is shoynlin figure ~(a) for the.turbojet. system.: “
For a compression ratio of,2, the specific fuel mnsumption remains ,:
at valuesnear 1,4 for all Mach nuders,between1.2 and 3.0 if
diffuserB Is used.
increasesrapid& at
about1.2 to I-.6the

With diffuserA the specific
the higherMach numbers. At
specificfuel consumptionis

fuel c&sumption
Mach numbersof
decreased as the
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compressionratiois increased,at leastas far as a ccmqprewii,on
ratioof’10. For compressionmtios of 6 and higher,however,the
specificfuel cona~ptionbeginsto increase~~idly at @ Mach
numberof about,1.8and tieachesvery,high valuesat Mach numibers
,between2.Oand 3.0.

The specificfuel consumptionof the r~-jet systemis sh&n
in figure6(b), For air-fuelrRtiosfrom’30”*o60, the syeci.fit,
‘fuelconsw}tioqof the re@.Jetsystemis con&id&ablygreaterthan
“thatof the turbojetsyste?hat’Machnumbersbetween1.2 and 2.0. At
Mach numbersbetween2.0 and 3.0 the specificfuel consurqtiohof
the ram-jetsystemeitheris approximatelythe cameas or is less
than thatof the turbojetsystem. On the basisof specificfuel
consumption,therefore,thg:turbojetsystemShOWEIa decided
superiorityover the ram-jetsystematl.lathniun%ersbetween1.2
and 2.0.

Specificfuel consumptionco?nputodas poundsof fuelper thrust ‘
horsepower-houris shownfol+he turbojetsystemin f,igure7(a}. At
a free.sin$eamhlachnumberof 3.0 a compres”eionratioof 2 g~vosa
lowerspecificfuel consumption.thanhighercompressionratios. As
the Mach numberis decreased;the compression ratio that gives the .
lowe~tspecificfuel congumptj.onincreases._.Thus,at a Mach number
of 2.o a compressionm,tioof 6 givesa lowerspecifictiel
consumptionthanany othorcompressionmtioy At a,Machnumber
of 2.0,however,the differencebetweenthe specificfuel co?unrmpticns
of systemswith compressionratiosfrom2 to 10 is very small. At a
Mach number.of1.2 however,a compressionl~t~oof 10 givesa much

iloworspecificfue consumptionthana compressionrati_oof 2 but
onlya slightlylowerspecificfiel consumptionthana compression”
ratioof 6.

The curvesfor the &rious compressionratiosshowthat quite
low nlues of specificfuel coneurptionare,at leasttheoretically,
attainablein the supersonicturboJetsystem.At a Mach m.uiber
of 1.2 the minimumspecificfuel consumptionshownis 0.46pounds
per horsepower-hour,at a Mach numberof 2.0 it is 0.32,‘andat a
Mach numberof 3.o it is 0.26. Thesevaluesare mhch lower than
thoseattainableat presentwith a conventionalengine-yropeller
systemat subsonicairplanespeeds. :..

As has been shownin the sectionentitlwi“Thrust“andAfr.lNz&
Ratio,l~as the free-strm.mllachnumberii increasedth,ethrustof the’
turboJetsystemwith thehighem valuesof compressionratiodecreas~
ragidlyto zero. Correspc@ingly,’asthe thrustapproacheszero,the
specific fuel consumptionof the systemswith the’hi’ghervaluesof
compressionratioincreasesrapidly. .:_

.-

●

—

.—

.-

.-

--

.

.,

“

-.—
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Xn figure7(b)the specificfueloconmmptionof the mm-jet
systemIs”shownfor comparisonwith that~ofthe turbojetsystem.
The specificfuel consumptionof the ram-jetsystemis.shownto be
much greaterthan,thatof the turbojetsystemat a Mach number
of 1.2. The difference.~etwee~.$hespecificfuel consumpti.o&sof
the two systemsdecreasesas the Mach numberis inoreased.At a’
Mach numlerof 3.0 the specific’fuelconsumpttonsof the ram-jet
systemand of the turbojetsystemwith a compressionmtio of 2
are about the same. .,

Cross-Sectd.onalAreas~

Cross-sectional:areasthat”areof interestare the free-stream
area of the Inductedair, the totalarea-ofthe compressor,the area
of the com-bustionchamber,the totalarea of the turbine,and the
area of the exhaust-nozzleexit. The frge-streamcross-sectional
area ~ of the inducted-air?which is the sameas the air-inlet

area of a diffuserof the ty-peshownin figure1, is givenin .
figure8 for.variousaltitudes.Alt40ughthe area AO IS not

tmportantin itself,all plotsof otherareasare givenin terms
of Ao and not in termsof Wa in orderthata singlecurvewill

app3&at all altitudesin the st~tosphereand that thereforeit will
not be.necessaryto showa differentcurvefor eachaltitudeas is
done in figure8.

The ratioof the compressortotalarea Ac to Ao’ is shownin

figure9. Figure9 appliesto all the turbojetsystemsconsidered
herein,that is, to all compressionr%tios,all valuesof XMMimum
temperature,and all altitudesin the stratosphere.Figure9 was
plottedon the conservativebasisof compressorentranceMach number
equl to 0.4 and compressorentrancehub-to-tipdiameterratioequal
to 0.6.

The ratioof the combustion-chemberarea Acc to AO is shown

in figure10, Figure10(a),for &e turbojetsystem,wqs prepared
on the basisof combustion-chamberentranceveloGityequal.to250 feet
per second. Figure10(b),for the ram-jotsystem,was preparedfor
combustion-chemberentrqnceMach numbersof 0.20,0.25,~ O,~Op

The ratioof the total.cross-sectio~larea of’the.turbine.
to A. ‘is shownin f$gure 11. Figure11 was yrepared’onthe
assumptionthat the turbinewas”asingle-stageImpulsetypewith.
hub-to-tipdiameterratioof 0.7. The curves for the’ higher

%

a



,.,
compressionratioswerenot extendedto the largervaluea’ofMach
m.miber,%ecausesingle-stageturbines,woul~’’not be sufficientin ‘
this regionunlesstheirperiphmale~eeds exceeded.~50 feet~er .
second, The.curvesfor thk’liighervaluesof.compress?ionratio
actual~vare no,tneededin the”re@.onof largeMach numbers,because’
the thrustd.~creasesrapidlyto zero in that region, The
assumptionsused heroinfor calculatingtu@ine areasare

,,

conservative@ leadto ratherlargeturbineareasfor the lower
valuesof the compressorcompression ratioq Less conservative
assumptionscouldgiveconsiderablysr&iU..erareas. -

For a compressionratioOI?2 the turbineareasare much larger
than the compressorareas. For a compressionratioOT k the turbine
areasare somewhatlargerthan the compressorareas.-For a
compressionratioof 6the turbineand”conrpre?sorareasare ve~ “’
nearly,thosemg.~For compressionratios@eater than6 the area of
the conrpressoris greaterthan the area of,th~turbine.

The ratioof etiaust-nozzleexit,ormaximum, area Aexlt
to ~ is shownin figure12X Theseareaswere calculated on the
assumptionthatthe exhapstfluidexpandedat the nozzleexitto.
free-streamstaticyressure,

ThrustCoeffic$mt .

One of the most sigifioant quantities.forshowingthe
performance-ofa powtirplant is the thrust.ooefficiegt.The *“%
on thrustand aretis,g~venin-precedingfigureshave~~en used t~
obtainfigureIs, which“shbwsthe”variationwith free-~treamMach ~

. numberof the thrustcoefficientsof the t@bojet sy~temand, for
comparison,of the ram-$etsystem. The thrustcoefficientCT. is

definedas tho thrustdividedby the productof”kroe-strm.mdynamic
pressureand an area. For the tudbo~etsystem(fig.<13(a))tho area
thatwas used in calculatingthe thrust.coefficientyas tlw cross-
aectiopal,area of the compressor“m of the”’turbflne,whicheverarea
W8 larger. ..-—

,.

Comparisonof figures9 and 10(a)showsthat the crcms-scctdonal
arm of the compressoris greaterthan Wuit of the combustionchamlmr.
Comparisonof figures 9 exidll shows tht’tor conrprbs%ion .ratios of 2
and 4 the cross-seotio~larea of’the turlilne’”is”’griiitorthqn.t,k~ of
the compressor,for a compressionratio of 6 the arms of the turbine
and the compressorars ve~ noaylythe same,and for compression
ratiosof 8 and 10 thearea of the compressoris greater.thanthat of
the turbine. Comparisonof figures 9 and 12(a) ~howa that at Mach ,.

.

.
—

s
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.

.

d

.,=

—
—
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.
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numberslesstMn 2.2 the ar~ of the compressoris greaterthan
that of the exhaust-nozzleexitend thatat Mach num@tis’of.?.2and
higherth.qArea of the nozzleexit is,eitherapproximatelyequalto
or greaterthan the area.of the compressor.~o,zzle-exitaree.s,
howev~r,”werenot used in talc@.stingCT. If, for a,givenset.of

conditions,the thrustof a jet systemwere calculatedfor various
nozzle-exitareaS2 the-thrustwouldhave a maximum~lue at the
nozzlo~exitarea that expandedthe fluidto the ambientpressure.
There is a largev’ariationin.thenozzle-exikarea thatgiyesalmost
maximumvaluesof thrust,how.ever,and net much thrqstis sacrificed
byustng wit qreasconsiderzib~,smailer than the efita~ea that
gives.mximum thrust. (Seereference3.) nor tie purp~
of reductionof bxternaldrag,super”eonicJet powerplarits
wouldundoubtedlyuse exhaustnozzlesthe exitareasof whichwore
no greaterthan the maximuma~ea of the reBt of the power p~nt.
The thrustcoefficientsshownin figure13(a)can thereforebe
consideredto be based on maxi- cross-sectionalareas.

The th~st coefficientsof the turbo~etsystemwith high
compressionratiosam large qt.-theQn@ler valuesof Mach nuriber
shownin figure13(.s).The thrustcoefficientsdecreasempidly to”
zeroas the Mach numberis increasedbecausothe thrustdecreases
rapidlyto zero. At thes~ller valuesof ~ch numberthe thrust
coefficientsfor the-lowercompression.ratiosare much lessthan for
tbehigher conpress~onratiosbecauseof the largeturbinecross
sectionsthetare r&@ved with low capression ratiosat the smnller
Mach numbers.

.,

,.,, .

.

No detailsare givenin the presentpaper of the external
designof the housing,or fuselagefiof t-heturbojetsyetem,such as
the wedgeangleof th~ leadingedgeof the air inlet,the lengthof
the fuselage,or the smoothnessof the fuse~ge surface;according~~,
no preciseestimate0$’the dm~ of the hcusingis attempted. At a
givenllachnumberthe drag due to shockdependson the wedgeangle,
and tho drag dug to frictiondependson the smoothnessof the surface
and on the Reynoldsnumberbehintthe shock. This Reynoldsnuahor
in turn dependson thb wcdgaangle,the fuselagelength,~d the
altitude. The drag coefficientof the systembased on maximum
cross-sectionalarea can,however,be roughlyestimatedto be 0.15.
Thie valueof dm,g coefficientcan be com@red.with the thrust
coefficientsshownin figure13(a). T@ th~st c,oofficientsare
seen to be adequatewith low or high compressionratiosat the
smallerMach numbo%s’tidwith low compressionratiosAt the larger
Mach nunibers. .. .,

The thrustcoefficientsof the ram-$etsystemare shownin
figures13(b)and 13(c). These coefficientsare basea on the cross.
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sectionalarea of the cabustion chamber..(See fig._.lO(b).) The
thrustcoefficientsgenerallyfar exceedthe estimateddrag
coefficient:of0.15. The thrustcoefficientsof the ram+et system
are “genera12ygreaterthan thoseof the t~bojet syBtemat the
larger Mach.numbers,The thrustcoefficientsof the.ram-jetsystem
with diffuserA were calculatedfor the same,kind of diffuserthat
was assumedin part of the analyticalstudies .of refenence3.
DiffuserB is mtich’m&?eefficientat the higherMach numbersthan
@iffuserA and.resultsinfiuchlargervaluesof the thrustcoef-
ficientat the higherMach numbei~. The large differencein the
thrust,coefficientswi~hthe two diffusersis due principallyto
differences.in the area of the combustionchamber, (~gefig. 10(b).)
Ccznparisonof fi~es 13(b)and 13(c)showsalsothat an appreciable
gain in thrustcoefficientis obtainedby makingthe Mach numberat””
the en$rancqto the combustion”chamberas largeas possible. The
Mach numberat the entranceto the ccznbustionchamber.is made larger
by decreasingthe combustion-chamberarea,and the resultingincrease
in thrustcoefficientig due to the decrea”kein comb~stion=chamber., . .,area.

.,
.,

MaximumTemperature .,.:’

r

., The curvesshowingthe performance”ofthe turbojetsystemwere
calculatedwith the use of a maxhm.amfluid,totaltemperaturebf

,. 1500°F at the entranceto the ttibine. The fact tmt a.maximum
limitingtemperatureis necessaryin the’tuz%ojetsystemhas a large
effecton the performanceof the system,particular~ in thata
maximumtemperaturecausesthe thrustof the systaito becomezeroat
somevalueof free-streamMach numb,erin the neighborhoodof 3. In
subsonic turbojet systems some variation of maxiqnmtempe,rature
from 1~0° F doesnot hAve a very large effect’ on”,the performance of
the, system. Tigures 14 and la are presented for, the–aupersonlc
turboJet system with diffuser A, with a coiipression rat?o of k, and
with maximumtemperatures of 1200°, 1500°, and l@OO F., Figure 14
shows the variation in the free-stream Mach number at which the
system develops n~”tlriust, and figure 15 shows the variation in the
fyee-streamMach number
a minimumand beginsto
.,

The performanceof
of supersonicairplanes
numbersfrom 1.2 to 3.

--

—

.-

>

—

.

at which~he specificfuel cons~ptlon reaches
increaserapidly.

‘CONCLUDINGREMARKS . —.

hypotheticalturbojetsystemsofpropulsion .
has been calculated
For comparison,the

“ Jet sywtemhas alsobeen calculatedfor th~

for free-streamMach
performanceof the ram-
samerangeof Mach number.
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At Mach numbersbetween 1.2 ma 2 the adc~ted thrust coeffioient
of the turboJetsysta was found to be greater thm the estimated
drag coefficient.1.sMach numberis increase~the thrustcoefficient
of the systa with a compressionratio,of6 or more rapidly
decreasesand reacheszeroat Mach numbersbatween2 and 3. At Mach
numbersbetween2 ~d 3,thereforqo- conpres~ionratioslass than6
shouldbe considered.

At a Mach numberof 1.2 the specificfuel consumptionof the
turbojetsystemis much less than that of the ra-jet systemwith
comparablethrustor thrustcoefficient.As the Mach numberis
increaseatoward2, the differencebetweenthe specificfuel
consumptionof the two systems&ecreasad. . .

The fact that at freo-stre.wm~chnumbersbetween1.2:and2 the
turbojetsystemhas adequatethrustcoefficientand low specificfu~
consumption(comparedwith the r~-jat system)means that the
turbojatsystemcm logically be com.$idered. as a possiblepowerplant
for supersonicairplanesoperatingat thoseMach numbers. The choioe
betweenuso of the two systemsshofid,of course,not be based
solelyon the fact that the specificfuel causumptionof the turbo@t
systemis lowerthan that of the-ram-jetsystem. The turbojet
systemis inhcmentlyheaviarthan the rsm-,jetsystem. For flights
of greatenou@ timo a~tiO~~, howaver,the combined weight of the
power plant and the fuel willbe less for the turboJetsystem.
Otherfactorsthanflightduration- suchas the_advantagethdt the
turboJotsyst~may have at take-off,”inacceleratingto flight.
speed,and in la.n~ing- shouldalsobo considered.

,.

LangleyMemorial Aoronauticd Laboratory ‘
NationalAdviJoryCommitt&efor Aeronautics

LengleyField,VQ.

,,.
,,.,-
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A

Acc

CP

P

Pt

P

pT

r

R

?alaX

AJ?PBNDIXA

SYMBOLS “

crose-f3ectionalarea,sq ft

totalcross-sectionalarea of compressor,sq ft

cross-sectionalarea of ccmtustionchamber,sq fh

cross-sectionalarea of exhaust-nozzleexit,sq i?t.

total.cross-sectional.area of turbine,sq ft

specificheat at co~tant-pre’ssure,Btu/lb/%

,’( )
,,’ 2T ~

thrustcoefficient —
POV02A

.

accelerationdue to gravi.tiJft/sec2(*.2).

static,enthalpy,Btu/lb

total.enthalpy,’Btu/lb

meclmnicalequivalentof

total.-pressuroratioacrossdiffuser

Mach number

etattcpressure,lb/sqft

,.

heat,ft-1~/Btu(778)

totalpressure,lb/sq$%

thrustpower,hp

turbinepower,ft-Lb/sec

compressionratio

gas constmt, ft-lb/lb/% abs. (53 .5)

maximumtotal tfmlperatllrej %

.-

... -

. .

—

.

.—
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.

statictemperature,% abs.

totaltmperaturat%? abs.

thrust,lb “

peripheral speed of turbine, ft/sec

velocity, ft/sec

weight rate of flow of air, lbfsec

weight rate of-flow of fu~l, lb/see

nozzle angle. (angle between V5 .md u) .

ratio of syecific hee,ts

efficiencyof comprzssob,

efficiencyof tuxbj.ne

staticmaas density,Qlug/cu$t

tOtal1.UZ9Sdensity,Sl@CU ft

Subscripts:

o“>“-” 7 stations,shown In figure 16

,.

. . ,.

,,.
.

,

., ,.

,.

.

., . .
. .

.“
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ANALYSISAND METHODOF CALCULATION

TurboJet Systml

The stationsthat were used in the analysisof the turbojet ‘
ey~tenare shownin figurel~(a), The performanceof’the s@eu was
obtainedfor each set of valuesassignedto,,theparameters.by
calculatingthe whte of the workingfluidat each station. .-

At station0, in the free stresn,

‘to= ’o(+=”~Y%

(1) .

Tto=,o(++%) :’: ~(?J :_

‘o 1’—=— (3)
—

~ra %Pov’. .

V02=7gRT&2 . .

The diffuseris betweenstationsO and 1. The function of the
diffuser is to receive air of Mach number greater thsn unity from
the free @tream and to deliver air of Mach number less than unity
to the compressor with a minimumloss of total pressure. The
computations were uade for two typos of dif’fuser. One type is the
fixed-geometry diffuser, a theoretical and acperimental” investigation
of which was reportwd in ~eference 4, The theory of referenco 4
takes into aocount the fact that the configuration of tho diffuser
must be such that establishment of superson:_c flow inside the
dlffusor can be effected. The establishn6nt of supemonic flow in – ““

.-

the convergingpart of tho diffuseri3 geneticallypreceded,before
de8ignspeedis reached,by a regtiein whichthereis a bow wave

.

In frontof the dil?fuserand subsonicflow in the convergingsection,
as sho~min figure17. The shockfirstrQovQsup to the entranceof
the diffuser,providadthatthe throat,or minimunsection,of the

.

diffusarislarge enoughto accommodatethe passage,at a Mach.
numbernot greaterthanunity,of all the fluidcontainedbetweenthe

.-
- ..

... ..,. .. ... . . .. . .. . — —
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dashedlinesof figure17.
pasees through the throat,
seotion.

The shockthen entersthe diffuser,
and is.establishedin the diverging

The net result of these considerations 1s, however, that the
throat area cannot be much smaller then the entrancearea,and
therefore little diffusion of the supersonic flow is obtainable.
The minimmnMach number that can be obtainedat the throat,according
to the resultsof reference4, is shownin figure18 as a function
of free-straamMach number. It is evidentthat the Mach nuniberat
the throatis only slightlysmallerthan the free-streezuMach”
ruxiber.For stability,furthermore,the shockshouldoccurnot at
the throatbut in the divergingsectionbehindthe throat. In the
divergingsectionthe Mach nuber increasesdownstream,and the
shockthat occursin the divergingsectionmust occurat a Mach
numberthat is greater than the throatMach nmber end that
approachefffree-streamMach number. Lossesin the subsonicpart of
the diffusercontributeto the totallossbetweenstationsG end 1.
In figure19 the upper curvei~ th~ theoreticalratioof total
pressureacross.anormalshockthat occurs’atthe minimunthroat
Mach numbershownin figure18. The test-pointsymbolsin figure19
are the experimentallyobtainedratiosof total.pressureacross the
diffuser,as givenin reference4. The lower curve iS the

theoreticalratioof totalpressuresacrossa normalshockthat
occursat free-stresm?.fachnumber. The experimentalpointslle
closeto the lowercurve. This curve,which is also shown.in ~
figure2, was used hereinas the performancecurveof the ftied-,
geometrydiffusers(ofthe kind describedin reference~)for free-
stresmMach nuuibersbetween1.6 and 3.

The othertype of diffuserfor which computationswerema~e was
assumedto give the total.pressureratio shownby the solidcurveof
figure2. The diffuserperformanceshownby this curvecen perhaps
be obtainedwith variable-geometry diffusersor with diffusers“oftlm
type.describedin references‘jawl.6. Both types of diffusers wsre
assumedto givea pressure ratio of 0.9 at Mach numbers from 1.2 to
3..6.

Conditionsat the entrance to the compressor (station 1,
fig. 16(a)) are givenby equations (5) to (~1) m follows:

,..

p-q = KptO

Ptl = KPto

.-.

(5)

(6)
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_.. ” (7)
%1

= T% ,.
0

.

Pt
1

,,

(8)-

..

‘% ...T1 .
7- 1 2.

l+—–
2 .“1 ....

‘(9)
—

—

(lo)
.

i’
(11) “ .

., —

“Inthe presentpaper,in order’that the cross-sectionalareasof the
compressorscouldall be calculatedon the samebasis,the
compressor-en-kremceMach number -Ml was set at the samevalud,0.4, —
for aSL compressors,thatis, for all valuesof the compression
ratio. The ratioof the hub diameterto”ti-etotaldt-titerof the

.—

axial-flowcompressorwas sot at 0.6 for S.I.Icompressionratios.
The totalcross-sectionalarea of the compressorAc is then 1.56A~

Conditionsat the ex’itfrom the compressor (station 2) are given
by equations (12) to (14) as follows: ,“:

—

(u?)

(13)

v

.—

.
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~

(14)

A compressorefficiencyof 85 peroentwas used in all the calculations.

The temperaturecorrespondingto a givenvalueof the enthalpy,
or the enthalpycorrespondingto a givenvalue of the temperature,w=
foundfrom the relation

which was adapted from
written with ~ and
between total enthalny

equation(3) of reference7. Equation(15)
Tt in plaoe of E and T givesthe relation

and totaltauperature.It shouldbe noted
that the enthalpy as-definedby equa~ion (15) and as used in the
present paper is based on a value of zero absolute enthalpy at zero
absolute temperature. llatios of entha~y frequently ocour in the
equations @ven herein. In these equations, therefore, values of
absolute enthalpy must be used and not values of relative enthalpy
based on a zero of enthalpy at scme other temperature than absolute
zero.

The initial velocity in the c“abustion ohber V3 was s6t
at 250 feet per secoti., An isentropio change in flow area between
stations 2 and 3 was assumed. Then

.,,,

Pt3 = p.~2

%3 =3t2

Pt
3

= Pt2

(+6)

(17’)

The quantity Tta is found bymesns of equation (15). Then ‘ ‘
3

.,

f,.,,.
...,. M32=. .... ..

., .,. ...- .:-.,”..” . . .,

.:

.1

Ykm& ‘Y-1
-“(1.9)

‘.,,

..’ .1.”.”:

J



.-

NACARMNo. L~05a
.

20

hmmwh aB

and .
1.

.

Then

and.

Tt. =

f3? =

Betweenstations
enoughfuel is burned
a maximumnermiseible

J

._&L.-

( 7
1+~

)
-+-1 M32Y-

‘3 1
.=—
Ma %Q3Q3

3 end 4 combustion
to raise the total

.,

--

.

(20)

(21)

.

[fw .. . .
. .

ocaurs. It is assumed that,’
d

temperature at station4 to
value. Three values’oi?meximumtotaitempera-

turewere &ed, 1200°,1500°,and 1800°F. The correspondingvalues
of q are k06, 483,and 56LBtu per po~d, resyecti~ely.‘In order
to sim~li~ the ualcul.ations,- the, effeti% oh the speoific heats of
the change in the chemical composition of”%he air when fuel is added
Is not taken into account herein in the calculations for the turbojet
system. Some degree “of approximation is therefore introduced. The
ratio of air to fuel is, however, genera% large In-the turbojet
syst~;and the error introduced by the simplification is therefore
small.

In the oombusti.onohambers in ourrentuse, ratherlargelosses
of totalpressureooour. Muoh of the 30s8is doubtless due to
changes in the shape and in the area of the flow passages. Data
for satisfactorily caloulathg these lessee are not~vailable. In
the present paper the only .1OSSin total pressure in the combustion
chamber i~ assumed to be the loss due to the ad~tio~ of he”at to a —

compressible fluid. For constsntirea coiabustlon thti.ratio of total
pressures at entrance and exit, is,a @,ngtion only of the entrance
Maoh number M and the ratio of total enthalpies at entrance

,

7
end exit Ht3 Ht4. The total pressure at the ocmbustion+hamber

. e-

—
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exit:,. p~k is given

only In@ iulknolnls,.,
.,.,,.,

Pt,.

I 21

by equation.(24)-*and(25),,. in whioh thereare

M4 andpt4. ’,..7

. . . ..
,. The ai~fuel ratiois

Wa 19,000- %4 + %3

~ - Ht4 - Ht
3

(24)

(25)

(26)

In equation (26) the value of the heat of combustion of the fuel
has been taken to be 19,000 Btu per pound.

For the purpose of calculating the cross+eotional area of the
turbine, a number of assumptions were made regarding the turbine.
These asmnptions petit at least an approximate calculation of the
qrea to be made. The turbine wae assumed to be of the singl~tage,
axial, inpulse, full+dmission type, l&iction in the blades was
neglected. The velocity of the fluid with respect to the casing was
assumed to be in an exial. tirection at the exit fmm the blades.
(For friotionless impulse blades, this c Ondition g:T’e9I&Ximum
eff i.cienby.) The power developed by

(~ = WaJ Ht5 -

Wa

[ )Uv COS G-O‘T 5 (2’7)

In equation(~) V5 is the absolutevelocityof the fluidafter

the fluidhas paseedthroughthe turbinenozzleseml is enteringthe
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turbine blades. For fri.otionl.ess impulse blades the velooity of the .
fluid relative to the blhiies Is the same at entranoe toand exit from
the blades, and the absolute value of the angle between the relative
velocity of the fluid and the turbine axis is the same at entrance
and exit. Under the additional oondition that the absolute exit
velocity from the wheel is in an axial direction, the peripheral
velocity of the wheel is then

Equation(27)can then

u= $V5 00s a

be rewrittenas

.. .

The work done by
work done on the

Therefore

and ““” “

( )PT=WaJ~ -Ht6
5!.

(28} —

Wa 2 “~
‘gv5 Cosa ~ (29)

the turbine, however, is assumed tobe equal to the
cc$npressor

%5 - ‘t6 =%2 - ‘tl

‘T=‘aJf%2 - ml)
y’
V“200S*CL’‘~5

2
cOAL

The nozzleangle cc was assumadhereintobe 15°,

(30)

.

.

.—

—

(31)

—.

— (32) ‘-

Eqpation (32} was
used to find V5~ and then equation(28)was u~ed to find the peri@-. .

eral.speed of the turbine u. So long as the value & u did not
exceed approximately 1~0 feet per s6cond, “the present method of
calculating turbine areas could be used. When the value of’ u .

exoeeded 1350 feet-per geoond for the h@&& values of ocmpres”shn
ratio at the htgher.values of Maah number, .oaloulationa ot turbine
area were not.made.

—
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The Mach nuniberat the
followingequation:

M52 “=

,.

● ✌✌

The de+ity is

23.

entranoe to the

1—-

7@T5 7-1

bladesis givenby the

(33)

%

The open a~ea at the entrano e to the blades
given by the following equation:

in a radialplane is

(34)

(35)

Under the assumptionthat the ratioof the hub die.zneterto the total
diameterof.the turbinewheel is O.~, the total
of the turbine ~ is 1.9%.

At the outlet from the turbine (station 6)

. . ,. . .

‘(5)‘t -H&r
R

P~ =Pt 1-
65 7*5

crosf3-sectionalarea

the totalpressureis

,

(36)

A valueof 85 percentwas used for the turbineefficiency

The static enthalpy +
100-peroent-.efficient exhaust
is given by the relation

H7

of the fluid after expansion
nozzle to free-streem static

fl

7-1
Po y

7* “

through a
pressure

(37)
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There i.sa considerablediffermoe between-~ and H7 and .
6

0onsequentlyalsobetween 76 @ ?’7sFor the Pres~t oal~uhtio~ —

.the valueeof H7 were o’btained from the tablesof.referenae 7.

Thesetablesgive the enthalpycties associatedwith isentropic
—

pressurechanges. Use of the,tibleseliminatesmuch tedious
calculationor interpolationon a Mollierghartand automatically
takesintoaocountthe variationof Y betweenstations6 and 7.

—

The tableswere computedfor air,but in the tizrboJet system the *
ai~fuel ratio is so high that neglect of the change in 7 with
aiz+?uel ratio is justified.

The vebo ity of exit from the airplane

Tlm thwst per pound of air per eeuond

T_.v7; vo+wg
Wa a

is given by the relation

The thrust power per pound of air per second is

P VOT
—=
Wa 550wa ‘ ‘ _

From I+ and equation (15), T7 is found. The
exit area per pound of air per second is then

Ram-JetSystem

(38)
.—

.

(39)
.

“ (40)

cmhaust-nozz le-

(41)

The stations that are used in the analysis of the ram-jetsystem
--

.
are shownin figure16(b). Conditionsat sxtion O in the freestrecm
~ givenby equatio~ (1) to (4). The supprsoniodiffuseris between
stationsO and 1, The diffuserperformanceof figure2 was used for .—
the ram-jetas well as for the turbo~etsystem. Conditionsat the



.

.

entranoe to the combustion chamber (station 1) are given by equa-
tiotis (5) to [11). The Mach rnpnber”at
0..25,and 0.30.

Conditionsat station6 fo~owing
equations(24)to (26) tith subscripts

station1 wailset a; 0~20,

combustionare givenby
1 and 6.substitutedfor

s~bsoripts-3 &d 4; respectively. ~ir-fuel. ratios of 30, 40,
and 60were used In equation (26). Figures20 and 21were plotted ,
by means of equations(25)and (24),respectively.

.“ ‘e ratio ‘6/%1
is foti.,f~ equation(26), then M6 is found* equation(25)or

figure ~, then pt6\pt1 is i%undfromeq~tion (24)or fi~

ure 21. The conditionsUnder.wkichchokingoccursoanbe readily
seen”franfigures20 and 21..Th6se figuresalso show tiat even
under ohokingconditionsthe loss of totalpressuredue to the
additionof heat is not very large.

The enthalpyc-e in the efiust nozzlewas calculatedly
equation(37). @e quantity j in equation (37) was ad$zsted to
take into account the fact that the ai-fuel ratios for the rsm-~et
system were small enough for the fuel to ~ve an appreciable effect
on the value of y. ~ effeot on y of the temperature ohange
bebeen s%ations 6 and 7was taken into aocountby est~ting the
temperature at station 7, obtaining the corresponding values of 77S

and then using the avem”ge of 76 and Y7 in equation (37),

Effects of diSSOCiatiQ~and hedt-oapaoity lag were negleoted.

Exhaustvelocity is givenby equation (38), thrustby eqm
tion (39),thrustpowerby equation(QO)$amdexhaus~nozzleexit
areaby equation (41).

.

.
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Fig. 9 NACA RM No. L7H05a

r.

—
24

2.4

2.0

L 6

/.2

.8

.4

0

\

\ \
\ ,

--

- -,

--–Diffuser A

—Diffuser B

NATIONAL ADVISORY

I I I COMMITTEEFORAERONAUTICS

Lo /.4 I.e 22 2.6 3.0

w~

.

. .—

.

figure 9.- Rafio of total cross - sectional areo of

compressor of turboj e f sy.sfem +0 air-in/et ores
.

as q function of free - dream Mach number, Altitude, 9

stratosphere j compressor entrance Mach rwmberl 04 j

—

compressor hub - diome+er ratio ~ 0.6. —



NACA RM No. L7K05a Fig. 10a

A==

AQ

2.8

2.4

2.0

/.6

/.2

.B

.4

0

r

2

-“
.— ——

4

_- --”

6

—— —-
8

In i ——. ---

—- .

I NATIONAL ADVISORY

! COMMITTEEFOR AERONAUTICS

Lo /.4 /.8 2.2 2.6 3.0

M()
(a) hrboJet system. Combustion - chamber entronce

ve~ocify ~ 250 feet per second.

Figure iO.- Ratio of cross - sectional area of combustion

Chan]her +0 air- inlet oreo a5 o funcfion of free - s+reom

flach number. Al fitude, s+rafosphere.



NACA RM No. L7H05a

.

Fig. 10b

3.2

248

2.4

2.0

L6

Acc
A.

1.2

.4

0

,.

7

-i:

\ \
\

\ M~
% ,

\ -. u.
--

+ \

\ \ -

--- Diffuser A

— Diffuser L3

NATIONAL AWISORY
COMMITTEE FORAERONAUTICS

#

.

.

).o /.4 Ad 2.2 2?.6 3.0

MO
(b) Ram -jet system.

F/gure 10.- Conc}uded,



NACA RM No. L7H05a Fig. Ila

.

.
2.8

2.4

2.0

1.6

/.2

.8

.4

0

.– - Djffuser A

‘Diffuser @

NATIONAL ADVISORY
fOMMITTEE FM AERON~UTICS

-i

/, o /.4 i~ 2.2 2.6 ao

)1~

(a) r =2 to 10.
Figure I /.- Ra+io of tot~l cross - sec+jonul area Of

furbine of furb oje+ sgsfem to air - inlef area

as u function of free - stream Mach numbw

Altitude, stratosphere j turbine hub -+ip ratio] 0.7j.

maximum temperature, 1500° F.



Fig.llb

/0

6

AT
AO

.4

2

0

+

NACA RM No. L7H05a

--- Diffuser A
— D[ffuser B

t \ \ %k\
4 \

<
.

+ .

%

‘ -

NATIONAL ADVISORY

/.0 ‘ L4 /.9 2.2 2.6 3.0

R*

(b)r=2 and 4.

Figure 11.- Conc”luded.

.

.

.

.—

● ✎

✎

r



.

.

NACA RM No. L7H05a Fig. 12a

2.a

2.+

2.0

1.6

Aexjt
~

/.2

.4

0

r

/

/

i

I
/ ,

r /
/ /

/ /
/

/ /
0

/
{

// “J &
/

r
P /

2’ / .

4

:-

---Diffuser A

CdIflIflfTEE FLI& AEROMAUtlCS

/. o /.4 /.8 2.2 2.6 .3.0

M.
(b) Zrbojet System. tmox = /500” E

. Ftgure 12.- Ra+io of exhaust - nozzle exit area }0

ai~–inlet Oreo as Q funcfjon OF free - stream

Mach number. Altitude ~ sfro fosphere.

.

-.



NACA RM No. L7H05a
.

w.
3.2

2.8

2.4

‘ 2..0

1.6

AeY/y

A.

/.2

.8

.4

0

~

cm /
J

/
/ -

/ #

\
/

.
/

/ -
/ -

/

/ /
/

–-– Diffuser A

—-Diffuser B

COtIIMITTE~ F~ AERONAUTICS

L4 l.% 2.2 2.6 3.0

M.
Ram-jet sys+em. M2 = 0.2.0.

Cun+itiued.

.

.

--
—.



NACA RM No. L’7H05a @g. 12C

.

.

.

.

.

.

3.2

2.8

2.4

2.0

Aexit 1.6

A.

/.2

.8

.4

a

I

~

,Wp Mz

,~ ‘0.25
~.a - “

/ /
.30

\ \
.-- / /

\ < @. / -. / 4 ~ 25

x .25

.

--- L)iffuaer A
‘Diffuser B

NATIONAL ADVISORY
COMMITTEE FM AERONAUTICS

/.o f.4 La 2,2 .26 3.0

lw~

(c) Ram - jet system. M2 = 0.25~nd 0.30.
figure 12.-– Con.c!uded -



Fig. 13a

1.4

1.2

1.0

.8

CT

.6

.4

.2

0

—.

‘- NACA RM No.

r

I

a

--- Diffuser A

6

4 \

\
\ \

*
\ ~+b

\ \ .—\

2 \ *\\
- - \ \

- \\ \

\~ \

\ +.
NATIONAL ADVISORY

I I I COMMITTEEFOQAERONAUTICS ~

1.0 1.4 1.8 2.2 2.6 i?.o

L7H05a

. .-

.

lv~
(u) 7iurbqjet qysfem. tmox = 1500° F.

Figure IL3.- Thrust coefficient f as a function- of

free - s+reotn Mach number.Al ti ~ude, Stratosphere.

.

.-

.

.



.

.

.

.

NACA RM No. L7H05a Fig. 13b

L 6

1.4

1.2

1.0

./3

Cr

.6

.4

.Z

*

.

Wa
w? //

\ \ /
I .x

\

\

\
\

\

\

~ \ \

\
\

\
\

1

I

\

I
\

%

I
\

I
\

~
\

--- Dif$user A
- Di?fuser - BI

T

,
NATIONAL ADVISORY

coMuITTEE Fo& AEfiONAUTICS

:0 1.4 1.8 le.z 2.6 3.0

r’7~

(b) Rum - je+ ~ysfem. IVz = 0.20.

Figure J3.– Co fifinued.



Ing. 13C NACA RM No. L7H05a

t.6

/.4

1.2

/. o

.8

.6

.4

.2

0

/ 1/ /

I
1 I ,

I

,

I I I I I VI I [ >1 I

--- Diffuser A

—Diffuser B

[ NATIONALADVISORY

[
COMMITTEEFORAERONAUTICS I

/.0 L 4 I.& 22 2.6 d. o

No
(c] Ram -je+ system. M2 =0.25 ad 0.30..

Figure 13.- Concluded.

.

*

●

✎

a

.—



-. . ..- -.. .
NACA kwl NO. L1’/Huoa Fig.

.

●
60

50

40

i?o

20

/0

0

f’mux

\

\
\

\

L

\

\

Lo /.4 /.8 2.2 2.6 a.o
M. NATIONAL ADVISORY” -

COMMITTEE FORAERONAUTICS

Figure 14.- Effect of maximum +emperofw-e on

+hrtisf of *U rboje f s~s fem. Cornpress~on ratio,

diffuser A.

14

4j



—

Fig. 15 ‘ NACA RM No. L7H05a

1.0

.19

,

.6

.7
fma~

m ‘ ,~~~

.6 I
k I

f I 1 r

I
1 1

II

1

/1
, ,I I /1 I ,/5d I I

.5 I / 80h

/ ‘ II

.3

.2

.i

NATIONAL ADVISORY

o
COMMITTEEFORAERONAUTICS

f.o 1.4 1.e 2.2 2.6 3.0

mp

Fig tire 15.- Effecf of rnaximum temperature on

specific fuel consumption of #urb oJ”e+ sys+ern.
Compression ro tio, 4 j diffuser ‘-A.

.

—

“

●

■

✎

L ““
—

—.



, NACA RM No. L7H05a Figs. 16,17

.

*

-.
.

?

(a) Tutbojet sgNem.

i
I

-Q ----

1
I 1

I I
I
I

------~

F

(b) Ram - Jet $~stem.

figure /6.- Stations used in onulysis.

/

I

\ NATIONAL ADVISORY

COPIMITTEE FORAERONAUTICS

gure I T.-/4ir flow at supersonic-diffuser entrance,



-.-.

Fig. 18 NACA RM No,L7’H05a
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